Introduction
The treatment method that WHO considers the one which completely resolved symptoms and deformations resulting from Degenerative Joint Disease (DJD) is currently the primary Total Hip Replacement (THR). With higher life expectancy of patients, the number of people suffering from advanced degenerative lesions of joints is growing (DJD). Having reduced mortality resulting from heart and cardiovascular diseases within the last two decades, the number of patients suffering from DJD and treated with THR has grown. It has become a wider problem, also in reference to biological and mechanical aspects of prostheses degenerating bone tissue, which is currently the object of a few technical studies, e.g. evaluating the strength of bone cement in configuration with titanium implants and decreased quality of bone tissue (Benouis et al., 2016) . Together with the number of primary joints replacements, the number of secondary--revision procedures is also growing, consisting in replacing prostheses with the new ones, e.g. due to pelvic bone or femur defects. Unfortunately, they are often implanted in acetabulum bone with bone losses that need procedures using modular reconstruction implants. These implants must possess appropriate strength and elasticity, enabling own load, must provide a reliable and multidirectional primary stabilization in bone tissue and secondary osseointegration of bone tissue in the implant. Thus, it is more and more common to use porous revision implants during joint reconstruction, which allows one to replace bone tissue with metal elements. The most commonly used are so called "full" ones, which possess only the external porous structure (most often hydroxyapatite layer) (Dorman et al., 2011) and "trabecular metal" type of implants with full spatial porous architecture enabling reconstruction of the bone tissue into the implant (Dorman et al., 2011) . The applied implants are made of titanium and its alloys or of tantalum. The percentage composition of the applied metals is up to the producer. In most cases, titanium implants are made of titanium alloy with addition of rare metals such as Vanadium (Ti-6Al-4V-ELI) and Niobium (Ti-6Al-7Nb). In the case of spatial tantalum implants, only a tantalum foam sintered powder is used. It is the material with better bone biocompatibility and more biologically neutral for the organism, in comparison with rare metals used in titanium alloys. The implants are manufactured in different shapes and sizes, which allows one to fully or partially adjust them to bone losses, leading to reconstruction of anatomy with proper biomechanics of the joint. The essence of proper implant functioning is, apart from osteointegration and mechanical strength, lowest risk of allergic effects or cytotoxicity of metal ions (especially in the case of implants containing vanadium and niobium, each interference or damage of the structure during implantation may result in rare metal ions secretion). Standard manufactured implants contain primary holes which enable stabilization with a patient's bone by means of screws (Bobyn et al., 1999; Dorman et al., 2011; Hacking et al., 2000) . The elements are interconnected using polymethylmethacrylate (PMMA) (Bobyn et al., 1999; Hacking et al., 2000; . Each implant is characterized by proper elasticity, resulting from the applied metal i.e. Young's elasticity modulus E, determining linear strength. It has to be borne in mind, however, that when mechanically interfering with an implant (related to drilling additional fixing holes) during non-standard stabilization, the fatigue strength of an implant Rz may decrease as well as further damages may occur. It results from the change in strain and may require remodeling of stiffness and strength. Performed preliminary studies are supposed to evaluate the strength of tantalum "trabecular metal" type of implants and titanium mixed with niobium (Ti-6Al-7Nb) implants, which possess standard holed enabling stabilization with a patient's bone using screws. The research material presented in the article constitutes a starting point for research of strength evaluation of implants weakened by the holes drilled for the needs of potential additional stabilization and, at the same time, draws attention to the risk of mechanical consequences of excessive weakening of an implant and secondary biological risk of leaving drilling products behinds, especially those of rare metals.
State of hip joint load
In order to evaluate the risk of mechanical consequences of excessive weakening of an implant, it is decided appropriate to define the state of load by means of Finite Element Method (FEM). The main problem is to define the implant load model which must be assumed for the purpose of such an analysis. From the point of view of mechanics, precisely theory of machines and mechanisms, a hip joint is a III-class kinematic pair -spherical, enabling reciprocal spherical movement. In the human movement system, the hip joint is one of the biggest kinematic nodes, possessing three degrees of freedom (s = 3). The occurrence of additional degrees of freedom, connected with an incomplete close of the node is defined as hip joint instability (Harris, 1992) . Transferring loads of the spine to lower extremities by means of pelvis, involving the hip joint occurs in conditions of a very complex movement (Fig. 1) . It has to be borne in mind, that the hip joint together with skeletal system of the pelvic rim, connects the upper part of the human body with lower extremities by means of a complex system of muscles, tendons and ligaments. Interactions between the femur head and acetabulum as well as stresses of the muscle system taking part in movement, determines the state of load of the entire skeletal system of the hip joint. The load of the hip joint is directly dependent on body weight and activities performed by a human during walking -it constitutes a complex system of forces and moments. In the hip joint, movement may occur around three main axes. Usually, a particular movement caused by a contraction of the appropriate muscle is prevalent and determines the essential function of the hip joint to which a system of external and internal forces is applied. The external forces are: weight related to body mass, support actions, and forces resulting from interactions of other objects with the human body. The internal forces are mainly forces resulting from muscle interactions. Evaluation of directions and values of these forces is very difficult due to a large number of muscles and place of their application (muscle attachments) (Madej, 2008) (Będziński, 1997) During gait, the center of gravity of the body S also changes, and moves in the direction opposite to the loaded extremity (Fig. 2) . Additionally, the loads in the hip joint depend on phases of foot contact with the ground. Movements in other planes occur: bow-hyperextension, ante-version and retroversion, as well as rotational movements.
The rule is to simulate static conditions in the load phase of one extremity, standing on both feet and in the phase of heel contact with the ground. Additionally, in vivo research is performed on the values of forces occurring in the hip joint in different phases of gait, especially in the phases, in which the highest load occurs: while standing on one foot, going up the stairs, getting up a chair. The values of forces occurring in the hip joint in patients with implanted a telemetric Moore-type implant were studied by Rydell. The research was continued by Bergman and Rohlmann, who defined vectors of forces influencing endoprosthesis head in a patient with full hip alloplasty (Dragan, 2004) .
In experiments on biomechanics of hip joint, mechanical properties, especially stiffness and strength against impact stresses of constructed implants, are studied and physiological models of force and load distribution in the hip joint before and after endoprosthesis implantation are devised. Thus, the most often conducted research applies computer techniques using numerical simulation based on physical models, with holographic interferometry method or with application of resistance strain gauges (Dragan, 2004; Madej, 2008) . 
Identification of the hip joint load model
The research on hip joint mechanics in numerous research centers has lod to creation of multiple models of the hip joint load, e.g. Pauwels', Maquet's, Bombeli's, Huiskes', Bergman's and Będziński's models (Bergman et al., 1993 (Bergman et al., , 1995 Bernakiewicz and Będziński, 1999; Będziński, 1997; Bombeli, 1983; Maquet, 1985; Pauwels, 1976) . Researchers, in their majority, agree that while modelling the hip joint load, the following have to be taken into consideration (Będziński, 1997):
• gluteus muscles, for lateral-medial loads,
• biceps femoris muscle, significant in front-to-back interactions,
• iliotibial band of abductors (tractusiliotibialis),
• band of abductors, more significant in femur load than band of adductors, • a group of rotator muscles, during simulation of the extremity movement in the sagittal plane, which causes -due to their function and location -turning moment of femur.
In the light of all the above, the identification of hip joint load model is an exceptionally difficult and crucial task, considering theoretical studies aimed at strength evaluation from the perspective of e.g. deformation or risk of implant damage.
One of the most common hip joint load models is Pauwels' model, which presents two cases of the hip joint load: two-feet load and standing on one lower extremity (Fig. 3a) . The resultant vector of the force R is directed at the rotation point, which is the anatomical center of the femur head. In Pauwels' model, it is assumed that during unilateral extremity load, the total value of the force loading hip joint results from the interaction between the body weight and forces of periarticular muscles (Madej, 2008) . S 5 -body center of gravity, impact of torso, hand-arms, head, without the other lower extremity, K -resultant force of body weight impact, M -abductor muscle impact, R -resultant reaction of impact on the femur head (Bernakiewicz, 1994) . (b) Model of two-armed lever modelling loads of the femur head while standing on one leg (Będziński, 1997) Relations of loads in the hip joint are brought to a two-armed lever, in which the point of support is in the middle of the hip joint (Fig. 3b) . Such an attitude towards the issue constitutes a significant simplification of a complex state of load in the hip joint, dependent on various factors (Będziński, 1997; Pauwels, 1976) . Analysis of loads based on a two-armed lever is approximately valid only in the case of the state of balance, when the body center of gravity is in the coronal plane. Performing any kind of movement will cause a change in the location of the body center of gravity, which results in the change in the state of load -directions and values of forces coming from groups of muscles which become activated in order to maintain balance of the body (Będziński, 1997) .
The role of iliotibial band is presented differently by Maquet's model (Fig. 4a) , which is a modification of Pauwels' model. In Maquet's model, tension of the external band of thigh fascia lata is caused by the abductor muscle. The band is simulated as a tie running along the femoral shaft from the knee joint to pelvic bone. The tie is based on the great trochanter of the femur and can slide on it. The impact of the iliotibial band modeled in this way gives an additional horizontal force, which stabilizes the hip joint. Due to a different, in comparison with other models, consideration of the impact of muscles, Maquet's model is more accurate in terms of the upper anatomy of the lower extremity (Będziński, 1997; Madej, 2008) .
Both hip joint load models (Maquet's and Pauwels') present a system of forces impacting the pelvis (together with the upper part of the lower extremity) only in the coronal plane.
The model of the hip joint load, additionally considering the role of rotator muscles R u which cause turning of the femur in relation to the pelvis (Fig. 4b) , based on Maquet's model, is shown by Będziński (Będziński and Ścigała, 2004; Będziński, 1997) . In this model, the iliotibial band can also move along the external surface of the great trochanter of femur. The loading system is constituted by the resultant forces of the hip joint: impact of the weight of torso on the femur head R, abductors M a and the iliotibial band M , T (sliding on the great trochanter of femur) and rotational forces R u . The author states (Będziński and results from experimental studies conducted on physical models. The model groups the basic forces acting within functioning of the hip joint.
The aim of the analysis of the state of strain and deformation in an endoprosthesis of the hip joint, having an analytically revised model of the loads of this joint, is to assume the spatial hip joint load model according to Będziński.
Hip joint load
While defining loads for the needs of the studies, the model devised at Division of Experimental Analysis of Engineering and Biomechanical Structures of Wrocław University of Science and Technology by prof. R. Będziński has been assumed, as well as literature data taken from M. Bernakiewicz's PhD Dissertation (Bernakiewicz, 1999) , and a unique software for analyzing gait HIP98, which enables to define values of forces and moments for each case of movement. The value of load for the studies is assumed based on Table 1 (Madej, 2008) , in which values of the resultant force F acting upon the femur head in the case of performing movement are compiled. The values obtained from HIP98 software for different velocities of gait of particular patients and various phases -have been assumed after (Madej, 2008) , based on literature (Bergman etal, 2001; Bernakiewicz, 1999; Bernakiewicz and Będziński, 1999). The aim of obtaining a comparative reference in terms of reliability of literature data, own studies have been performed at Clinic of Orthopedics and Rehabilitation of the 2nd Faculty of Medicine of Medical University of Warsaw, which include cases of patients (taking into account sex) occurring most often statistically, considering weight and load. The studies were performed for the following conditions: an 80 cm step forward without weight transfer and with total temporary transfer of weight to one foot and leap (maximum temporal result) of 100 cm from the platform for different weights (Table 2) .
While performing a comparative analysis, it was concluded that in none of the cases the value of 1000 N of patient's body weight was exceeded. Arbitrarily, in strength analysis, it was decided to assume a certain surplus of load impacting the hip implant, the value of the vector of the resultant force F = 300 N. The load was assumed with a slight reserve of value in the light 
Geometry and conditions of the hip joint load
The assumed geometry of the cup implant system subject to strength analysis in conditions of the static load is shown in Fig. 5 . The analyzed implants are a standard version, having preliminary holes which enable stabilization with a patient's bone using screws. For the assumed geometry of the model, tetra-meshing is applied, i.e. uneven division of the solid model continuum into finite elements of Tet1o type (quadratictetrahedron) is applied. Three identical cylindrical elements symbolize screws, which are screwed during a surgical procedure.
Strength analysis has been performed for the "trabecular metal" type of implants and titanium implants with the addition of niobium (Ti-6Al-7Nb), which possess primary holes enabling stabilization with a patient's bones using screws.
Mechanical properties for materials:
• "trabecular metal" -are assumed based on the article (Medlin et K  780  200  780  780  K  810  200  800  810  M  800  220  800  820  K  620  200  620  620  M  640  220  640  650  M  680  220  680  680  M  590  210  590  600  K  670  210  660  670  M  750  220  750  760  M  910  250  900  930  M  870  230  830  840  K  710  220  700  720  K  770  210  760 The analyzed case is the one of the implant load being in contact with the pelvic bone, as shown in Fig. 6 . The pelvic bone is modeled conventionally, as a slice of a spherical cylinder, to which an augment cup implant is attached by means of 500 N tension screws (Fig. 6a) , the pelvic bone is fixed (Fixed Support), as illustrated in Fig. 6b (blue spherical surface) . The direction of impact of the acetabulum force F on the augment is illustrated by Fig. 7a . The load system of the implant by vectors of screw tension forces F = 500 N (axial forces resulting from fixing the cup augment to the pelvis) and the vector of the resultant force F = 300 N is illustrated by Fig. 7b . Local concentrations of strains around holes result from screw tension forces, and are connected with the assumed boundary conditions. In the actual system, where the analyzed implant will cooperate fixed to the pelvic bone (especially after it bonds with the bone), the risk of implant damage as a result of strain concentration will not occur. It has to be stressed, however, that the maximum total deformations occur in the lower rim of the cup implant and may result from the pressure of the augment on the pelvic bone due to uneven pressure during acetabulum impact. The values of maximum deformations amount to about 0.607 mm for the "trabecular metal" tantalum implant, and to 0.383 mm for the titanium implant respectively. It can be noticed, however, that the total deformations around the holes for the implant made of the "trabecular metal" material are about 50% smaller, and do not exceed approximately 0.3 mm. For the implant made of Ti-6Al-7Nb, a slight displacement of the simulated pressure of the augment to the pelvic bone occurred (along the lower rim of the cup implant towards the sharp edge), thus relatively higher values of total deformations around the hole occur, amounting to approximately 80% of the maximum, but do not exceed 0.3 mm.
The analyzed issue is considered as a static analysis. Apart from the value of the load force F , a fatigue character of the operation of the analyzed system, subject to permanent movement load, ought to be noticed.
Conclusions
The conducted preliminary simulation studies enable strength evaluation of "trabecular metal" tantalum implants and titanium implants with addition of niobium (Ti-6Al-7Nb). The results of performed numerical analyses indicate that implants with standard holes (i.e. without mechanical interference connected with non-standard stabilization with a patient's bone) fulfill the strength requirements in conditions of the maximum strain in the assumed implant load system. It has to be kept in mind, however, that during non-standard stabilization connected with drilling additional fixing holes, the implant fatigue strength Rz may decrease, which may lead to further damage. So far, it has not been studied how mechanical interference with the implant structure and their modification by drilling more holes influences the mechanical properties of such a system, i.e. change in implant ductility in terms of implant strength after drilling additional holes. The reports on the strength of the structure after drilling the holes, as well as after prolonged functioning of such implants, are scarce (Bobyn et al., 1999; Levine et al., 2006; . Attention needs to be drawn to a series of significant issues connected with the risk of:
• decreasing strength and elasticity of an implant modified with holes, • damage to prosthesis articulation caused by pieces of metal which remain after drilling and/or prior loosening of the implant,
• migration of particles in the circulatory system, nephrotoxicity while using alloys with addition of Al, Ni and V, influence of metal ions and implant corrosion around the prosthesis and weakening of implant osseointegration.
Further studies ought to identify:
• The influence of additional holes in medical implants made of Ti and Ta alloys on strength properties of such implants. During bone reconstruction of the hip joint, it is often required to perform additional holes for the needs of stabilization techniques connected with a significant bone loss.
• The influence of dependence of the remaining in the surgical field mass of metal ions on prosthesis tribology.
• The influence of the mass of tantalum and titanium particles and rare metal ions (such as Ni and V) on body toxicity.
• The risk of influence of metal ions and implant corrosion on periarticular tissues, together with the increase in the mass of tantalum and titanium, aluminum, niobium and vanadium particles.
Furthermore, studies should to be aimed at:
• Development of implant material with high mechanical properties, least possibly susceptible to weakening due to interference with the implant structure.
• Development of a technique of maximum removal of metal particles from the surgical field.
The above-mentioned issues define the authors' goals in terms of further numerical studies of implants made of the "trabecular metal" and Ti-6Al-7Nb material.
